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Auto Guided Vehicles (AGVs) are widely used in a semi-conductor fabricating factory and
contribute to the stable production of a high quality semi-conductor products. In the near
future, further expansion of the transportation system is expected accompanied with the
rapid growth of semi-conductor industries. In such situation, the necessity of performing
quick planning of transportation route and transportation control will be elevated. In this
paper, practicable planning of the transportation route and transportation control are stud-
ied based on the decentralized agent method. Especially, the geometrical sizes of AGVs are
considered in the determination of transportation routes and control strategy avoiding the
occurrence of mutual collisions or deadlock of AGVs.
1 INTRODUCTION
In many semi-conductor fabricating lines, Auto
Guided Vehicles (AGVs) are widely used for trans-
portation to protect products from the defect caused
by dusts. For the transportation control, it is necessary
to find the appropriate routes of AGVs in which elec-
trical energy for transportation is minimized. There
are a lot of studies about vehicle routing problems.
In actual transportation, there exist incessant distur-
bances caused by fabrication process troubles which
may make it difficult to find a plausible transportation
route for AGVs. Stochastic and evolutionary compu-
tation techniques like SA, GA have been successfully
applied to this problem by solving combinatorial opti-
mization problems [11 [2] [3] [4]. Recently, a new search
algorithm based on the agent model analogous to Ant
System has been proposed [5][6]. Semi-conductors fab-
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ricating line has been expanded because of the rapid
growth of semi-conductors industries. As the result,
new needs for high speed routing and flexible trans-
portation control has been born. Further, in semi-
conductors fabrication bay, the geometrical size of mo-
bile robot must be considered during transportation to
prevent the collision with another robot in the narrow
area.
In this paper, new method of agent-based trans-
portation routing method using pheromone communi-
cation is proposed. The proposed method is applied
to the model problems for a semi-conductor fabricat-
ing bay. The effectiveness of the method is checked by
the numerical example and the experiment using mini
sized mobile robots. The proposed method is applied
to dynamic motion planning considering the geometri-
cal size of the robot. Based on the experimental results,
the practicability of the proposed method is discussed.
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2 Multi Robots Routing
Method L xfm(n) = 0 (Vi, Vk, "In)mf/:.M, (2)
In the following, mathematical model for mobile
robots routing problem is described. The decentral-
ized agent algorithm to solve the problem is also pre-
sented. At this stage, the geometrical size of robots are
neglected in the route search process.
L xfj(n) = 1 (Vi, Vk, "In)
j
L L xJi(n) :::; 1 (Vi, "In)
k jEM,
(3)
(4)
2.1 Transportation Routing Problem
L xJi(n - 1) = L xfm(n) (Vi, Vk, "In)
jEM, mEM,
(5)
Fig.I: Transportation model for study
The objective of the transportation routing problem
is to determine the routes for all AGVs that minimize
the total transportation time under the restrictions
stated above. The multi vehicles routing problem is
formulated by the following Equations.
1. The transportation time between two nodes is the
same for all AGVs.
2. When a request for transportation service is given
to one AGVs, the start node and the goal node are
specified for it.
3. There exists only one route on one arc. Therefore,
two AGVs cannot travel between any two nodes at
a time, and two AGVs cannot travel between any
two nodes in the opposite direction.
Here we formulate the mathematical model for multi-
vehicle transportation routing problem similar to that
of the semiconductors fabricating bay. An example of
the transportation bay is shown in Fig.1. As shown in
the figure, the bay consists of plural nodes and arcs be-
tween adjacent nodes. The arc represents a candidate
of route for two-ways traffic. Each robot can change its
running direction only at a node. In this stage, further
assumptions are made as follows.
(7)
The solution which minimizes objective function
given by equation (1) is searched using decentralized
agent algorithm under the restrictive conditions in
equations (2) to (7). This algorithm is derived referring
the idea of the Ant system and that of the Simulated
Annealing method. The details of the algorithm are
explained in this section. Each AGV agent derives a
plausible route in the following steps:
2.2 Decentralized Agent Algorithm
1. Preparation of initial date: Each AGV agent con-
tacts the data board of the service request and
obtains the starting node and the goal node of the
request.
xJi(n) • xL(n) = 0 (Vi, Vj, Vk, VI, "In, k =f. I) (6)
L L xfj(n~) = 1 (Vk)
iEMj JET
Where, E is the objective function, xfj(n) represents
0-1 integer value which equals to 1 if AGV k travels
from node i to node j in time period n, and otherwise
O. nk represents the total transportation time of #k
AGV, M i represents the number of nodes connected to
the node i and T shows goal node. Equation 3 indicates
that the AGVs cannot travel only on the arc made by
the connected nodes. Equation 2 means that there is
only one arc from every other node to the target node
for one AGV k. Equation 4 indicates only one AGV
can travel from a node into the connected node at a
time. Equation 5 represents that it is allowed for an
AGV to travel among the connected nodes from time
period (n - 1) to time period n. Equation 6 indicates
that two AGVs cannot travel between two nodes at
a time in the opposite direction. Finally, equation 7
shows that each AGV arrives to its goal node at time
. d kpeno nt .
(1)
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k
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2. Generation of an initial route: Each AGV agent
independently generates its route without consid-
ering the movement of other agents. At the same
time the value of the pheromone information ph':nn
is updated. Here, ph':nn represent the parameters
indicating the existence of AGV k at node m in
the time period n.
3. Generation of a new route:
(1) Each AGV agent randomly generates a candi-
date of the node m traveling in time period
(n + 1) from the node in time period n.
(2) Each AGV obtains the pheromone information
and calculate D.ph using the Equation (7).
6. Judging the convergence: If the new route gener-
ated at 3 is considered as the final solution, the
algorithm is terminated, otherwise, return to 2.
Various constants such as W, Tp are determined em-
pirically and listed in Table 1. These values are also
applicable to more large scale problems [7].
2.3 Numerical Experiment
In this section, the performance of the proposed algo-
rithm is investigated by using the following numerical
experimental problem.
(8)
The proposed algorithm is applied to a routing for
two AGVs - twelve nodes problem. The results of the
proposed algorithm are shown in Fig.2.
k """ k'D.ph = phmn+1 - L..- phmn+1
k'(k'#k)
(3) If D.ph satisfies the following equation, the can-
didate of the node is accepted, and otherwise
rejected and return to (a).
2.3.1 Two AGVs - Twelve Nodes Problem
••••••••••••••••••••••••••••••• , ••••• a.
#2
..
P
P
{
I ; D.ph ~ 0
exp(D.ph/Tp ) ; D.ph < 0
(9) 9 10 11 12#1
5. Update of Pheromone Information: The
pheromone information is updated using the Equa-
tion (10).
P is a random number with probability of uni-
form distribution on the interval [0,1].
(4) If the candidate node reaches the goal node, a
new route is created and return to (a).
4. Judgment whether the new route is adopted or not:
The difference of the transportation time, D.nk is
calculated. And the new route is adopted if the
new solution satisfies the following Equation (9).
4
ode #8
Node #3
Node #2
Node #1
8 10
J
4 6
Time n
21
-- AGV#l ----- AGV#2
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Fig.2: Results of 12 Nodes, 2 AGVs
(10)d <
Q
(11)
Fig.3: Transition of the pheromone information - 1
Here, Ev is the pheromone evaporation "factor. W
is the amount of amount of pheromone informa-
tion. S is the adding ratio of pheromone informa-
tion. This value is set to 1 when the AGV k is on
the node m at the time n, otherwise set to zero.
In Fig.2, the number at each node represents the
node number and named from 1 to 12. #1 and #2
represents the AGV number. The arrows show the
transportation routes of AGVs derived by the proposed
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algorithm. The results show that a feasible route with
the shortest time is obtained using the proposed al-
gorithm and there occurs no collision of AGVs. Fig.3
shows the transition of the pheromone information on
each node for two AGVs. As shown in Fig.3, each
AGV is traveling into the nodes where pheromone in-
formation is higher than that of other AGV. Using the
pheromone information, each AGV can search its own
route independently considering other AGVs.
2.3.2 Comparison with The Proposed Algo-
rithm and GA
MEM.FAC.ENG.OKA.UNI. Vol.37, No.1
shown in Figo4, which shows that the proposed algo-
rithm can generate feasible solution in practicable com-
putation time and is shorter than that by GA. Also,
the computation time of the proposed algorithm and
GA are shown in Table 2. The number of generations
for GA is determined so that the performance of solu-
tions generated by the GA becomes almost the same
as that generated by the proposed algorithm. Pentium
ill (lGHz), AT processor is used for the computation.
From the results of Table 2, the computation time of
proposed algorithm based on decentralized optimiza-
tion is much shorter than that of GA.
This algorithm is successfully applied to actual semi-
conductor fabrication line composed of 7 AGVs and
143 nodes were also successfully made [7].
Proposed Algorithm
Genetic Algorithm
In order to evaluate the effectiveness of the proposed
algorithm, we compared the solutions generated by the
proposed algorithm with those by the GA which is ap-
plied to the same problem [1]. In the application of
GA all AGVs are treated simultaneously. That is, the
individuals are array of chromosome representing mov-
ing direction of AGVs at each node. The parameters
used for the GA are shown in Table 1.
Table 2: Comparison of the computation time with
GA
Computation timers]
0.05
0.4
Table 1: Parameters used for the numerical exanples
For Proposed Algorithm:
W: 10, S: 0.6, Ev : 0.7, Tq : 7.0
Tp : range from 0.1 to 004
For Genetic Algorithm:
Number of population: 250, Crossover rate: 0.7
Mutation rate: 0.3
44--~--.----r--r---""-----,
---- Proposed Algorith.
------. G A
o
Generation
Figo4: Comparison with the proposed algorithm and
GA
The proposed algorithm and the GA are applied to
the two AGVs - twelve nodes problem. The compari-
son of performance obtained by the both algorithms is
3 Routing Model Reflecting Ge-
ometrical Robots Size
In the preceding sections, we treated AGV as suffi-
ciently small body that means geometrical size of robot
is neglected during route searching. In this section, ge-
ometrical size of AGV is reflected on routing for trans-
portation.
3.1 Extension of the Problem
In the above, we proposed the routing algorithm
by the decentralized agent as the transportation route
planning method, and have shown the effectiveness
of the algorithm by numerical experiment. In that
case, the size of AGV is set as sufficiently small, and
performed the route planning assuming the distances
between nodes on the transportation ways are equal.
However, in an actual transportation system, AGV has
a geometric size, and, of course, it is considered that
distances between nodes on the transportation route
need not be the same. In the semiconductors fabricat-
ing bay the distances between nodes are to be min-
imized from the needs of cleanness in the bay. In
that case the problem to be solved is how to navigate
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each AGV swiftly responding to the transportation re-
quest. Therefore, we must consider the geometrical
size of AGV in the determination of their transporta-
tion route.
3.2 Collision Avoidance Routing
Algorithm
3.2.1 Creating of Virtual Nodes
Fig.6: Size of AGV
Fig.5: Transportation bay with virtual node
Here, we consider the way of collision avoiding rout-
ing for AGVs. First, the transportation lines for route
planning is shown in Fig.5. In this case, distances be-
tween the nodes of vertical direction and horizontal one
are set to 12 units and 16 units simultaneously. For the
routing problem where the distances between nodes are
not equal, the method explained before cannot be di-
rectly applied. To solve this problem, virtual nodes on
the transportation arcs are prepared. That is, arcs be-
tween nodes are divided into many virtual nodes the
distance of them is shorter than that between original
nodes. The way of dividing arc is shown in Fig.5.The
distance between two adjacent virtual nodes is set at
around 0.1 times of robots size empirically. The con-
veyance time n of AGV increases by one increment
every time when AGV passes through a virtual node.
It is assumed that AGV can not stop at any virtual
node.
Next, the size of a mobile robot is set up. The size of
AGV was also determined by using a virtual node for
a measure. The size of AGV is determined as shown
in Fig.6. A rotation center is the center of locus, when
running. When a mobile robot changes the course, it
rotates around the rotation center.
; 12Nod. ; UNod. ; 12Nodt .'
3.2.2 The Adding of Pheromone Information
and Its Detection
Basically, the algorithm of a route planning is the
same as that explained in the previous section. How-
ever, the method of adding and detecting of pheromone
information are changed as follows.
1. Accumulation of pheromone information:
The update the pheromone information is carried
out according to the following formulas.
ph~n = Ev' ph~n + W exp(-t/Tr) (12)
At time instant n, AGV k is running through a
certain node. Node m is apart from the node by
t times of distance between two adjacent virtual
nodes. As shown in equation (12), the pheromone
information is added for nodes around the one
where the AGV is running through. The maxi-
mum value of t is given as Tmax and Tr is a con-
stant.
2. The detecting method Qf pheromone infor-
mation: When the AGV arrives at real node, the
candidate node next to go is to be decided. The
agent estimates the amount of its pheromone in-
formation at the candidate node, and compares
with that of other AGVs. Then, AGV determines
whether to move to the candidate node. During
comparing pheromone in formations, the detect-
ing method of its amount at a candidate node is
changed. First, the AGV checks the amount of it
own information for some nodes around the can-
didate node. Then, AGV detects the amount of
the pheromone information of other AGV simi-
larly, compares them, and decides whether to move
or not.
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3.3 Numerical Experiment
To check the performance of the new algorithm, nu-
m rical experiment is carried out.
3.3.1 Two Robots - Twelv Nodes
The simulation of a rout plan is p r~ rm d. Th
problem is as shown in Fig.7. As shown in this figure,
two AGVs are started from the position where front
end of them ar faced each other. Fig.9: Setup of number f nodes
~r-- ------,<__l __~ 1
':.. 2 J.~>;." 2
I
I
f2~~-- ---- ---~
10
9
Fig.IO: Routing re ults for AGVs
-- AGV;; 1 - - - - - AGV # 2
Node #3
Node #1
Node ~9
Node #2
8 10040 60
Time n
"
I:l 3rr-------'--'------L.----------i
.2
..
~ Node #10
L; 3tt--------'-->---------j
.2
.9Parameters used for numerical example are shown
in Table 3. Where ncurve is tim required when AGV
rota.tes 90 degrees to the right or the left direction.
Fig.7: Statem nt of the probl'm
-- AGvrt I - - - - - AGVJ;2
2
Table 3: Parameters used for the numerical exanples
W: 10, Ev : 0.7, Tr : 25, Tmax: 16
Tp : 0.1, Tq : 25, nC"U"ve: 6
Time Il
Fig.S: Result of route planning
Fig.1 L Transition of the pheromone information - 2
Simulated results are hown in the time chart
Fig.8. The node number written along the vertical
axis of the time chart is same as shown in Fig.9. The
number surround d by the square is a tentative node
number for clarifying that two AGVs did not pass by
each other between nod s in the time chart. om the
result of Fig.S, it is clear that front ends of two AGVs
are faced each other at the first time, and AGV #2 is
force to change its running direction. Therefore, there
exist the state at the start node where it stop and
......_..
.- .. -- I
~ ~~~"
-c 12l---~':''-------l1j---1
o
z
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4 Running Test (Two Robots -
Twelve Nodes)
In the preceding sections, we explained the route
planning method for considering geometrical siz of
AGV Here the route planning in case of two s ts of
AGV run the transportation lines with twelve nodes
are tried using mobile robots. That is, lC1boratory ex-
periments using two mobile robots in the same situa-
tion states above. In the following, to che k wh ther
th;,; rout planned result is good or not, experimental
re~ult is described.
In order to confirm the applicability of the algorithm
to the transportation bay with a. real scale, a numeri-
cal experiment in which four mobile robots run in the
transportation bay consisting of 29 nodes is tried. This
is similar scale as one of the DRAM fabrication bay.
The experimental condition is shown in Fig.12, and
the result is shown in Fig.13. If #1 and #2 AG run
through the shortest route to their destination, which
may occur collision. So, in that case, there exist a
case where either #1 or #2 have to get out of the way
for another mobile robot. Fig.13 shows that mobile
robot #1 has got out of the way for #2. Moreover, #1
may oil ide with #3 when taking a new route, it was
stopped a little at the place A, avoiding collision with
#3. Consequently, near optimal routes were planned
for whole AGVs showing th validity of the algorithm.
3.3.2 Four Robots - Twenty Nine Nodes
cease to move for a few time interval'. Then, both of
AGV start to go to their goal nodes.
It is clarified from the result that AGVs can move
without causing interference even when the ize of
AGV is considered. The resulting routes in Fig.lO are
considered to be the appropriate solution for this prob-
lem.
Fig.ll shows the tmnsiti n of the amount of
pher mone information at several nodes during rout-
ing. These results are obtained after thirty numbers of
searches. Thes five nodes are the nodes through which
AGV # 1 runs. As for the amount of pheromones of
AGV#2 at these nodes, it can b seen at node #1 then
it moves to node #10. This mans that the pheromone
oncentration of AGV#2 at some nodes are chang-
ing with time. Finally, judging from the accumulated
amount of pheromone information for each AGV at
ach node, the routes of both AGVs are determined.
Fig.14: Construction of mobile robot
The function of the mobile robot that uses for an
experiment is briefly explained. The mobile robot has
a three-wheels. The outside figure in the bottom of the
robot i shown in Fig.14.
4.1 Transportation Bay for Experi-
ments
Fig.12: Numerical experiment assuming DRAM
fabrication bay
Here, the transportation bay for experiments is ex-
plained, The situation of a bay which conducts a lab-
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detecting the run position from a mobile robot's ul-
trasonic sensor. Figures 17 to 19 express three loci by
dividing total run time. From these figures, it is known
that mobile robots are running saf Iy without col1ision
even if changing the moving direction.
oratory experiment is shown in Fig.15.
Fig.lS: Overview of the experimental bay
2 r.; t'I.'
I
.. ~{
h.,," -,ifJ
, L ~..
:
I
I
#1
I g 0 em
.:
Fig.I7: Result of experiment (initial stage)
E
o
o
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360mm
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Fig.16: Dimension of experim ntal bay
The detailed size of the transportation bay for ex-
periments is shown in Fig.16. The horizontal distance
between nodes is 36cm, and is lO8cm in total. On
the other hand, the vertical distan e between nodes is
50cm and is lOOcm in total. Moreover, the wooden
frame is prepared outside of a transportation bay, a
size is 180cm X 180cm and its height is 20cm. This is
used for the recognition of position by ultrasonic sensor
of the robots. Two mini sized wbots run in the bay
4.2 Experimental Result
Running route is planned in the same manner using
the method described before and experiment was car-
ried out to check if the mobile robots can move without
collision. The experimental result is shown in Figures
17 to 19. The figures show a mobile robot's locus by
Fig.18: Result of experiment (middle sLlge)
#1 i==t=rT--r--,
Fig.19: Result of experinl'nt (final stage)
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5 Effect of Robot size
To check the effect of robot size on the appropri-
ate route for transportation, computer simulation is
conducted. In the simulation, robot size is changed
as shown in Fig.20. Sizes of two robots are expanded
from 1 to 1.6 times of that treated in the previous sec-
tions. The transportation bay is the same as shown in
Fig.16. The same procedure is made for this case. The
start and goal nodes are also same with that of pre-
vious section. The obtained transportation route and
the transition of pheromone information for two robots
are shown in Figures 21 and 22 simultaneously.
front
Rotation
.. Center
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:z:
... /....
/
8 Node ,.
4 Node 8 Node
rear
Fig.20: Changed size of AGV
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Fig.21: Result of simulation
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Time n
Fig.22: Transition of the pheromone information - 3
From these results, it is apparent that reasonable
routing is attained avoiding collision of robots during
transportation. Comparing these results with that of
smaller robots size in Fig.IO, it is demonstrated that
transportation route is changed according to the sizes
of the robots to avoid the collision of them during
transportation.
6 Conclusion
New method for multi mobile robots routing con-
trol in transportation has been presented based on the
decentralized agent. In the proposed algorithm, each
AGV is represented as a decentralized agent and it
generates a candidate of its own route so as not to
interfere with other AGVs. First, we have applied
the proposed algorithm to the route-planning problem
for multi AGVs whose sizes are neglected. Using the
proposed algorithms, feasible routes without interfer-
ence among AGVs are obtained in a computation time
shorter than that of the GA without lowering the per-
formance level. Furthermore, we extended proposed
algorithm, in order to consider the size of AGV. As the
result of conducting a numerical experiment with this
algorithm, the route without collisions between AGVs
has been derived. And the laboratory experiment us-
ing the mobile robots has been conducted. The mobile
robots has been controlled such as we were expected
from the numerical simulation.
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